Background: Non-small cell lung cancer (NSCLC) is the foremost cause of cancer-related death in Western countries, which is due partly to the propensity of NSCLC cells to metastasize. The biologic basis for NSCLC metastasis is not well understood.
Introduction
Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related death in the United States and other western countries. Approximately two thirds of patients are diagnosed at an advanced stage, and of the remaining patients who undergo curative surgery, 30-50% have a recurrence with metastatic disease. Thus, a better understanding of the biologic underpinnings of metastatic disease is of paramount importance. Metastasis research in lung cancer has been hampered by the lack of good animal models and the difficulty in studying disease progression and metastasis in patients. This has resulted in a reliance on in vitro cell cultures derived from patients or immunodeficient animal xenograft studies. As a result, we understand much more about cancer cell-autonomous genetic and epigenetic changes than about the role of the supportive microenvironment. To address this need, we and other investigators have developed mouse models in which lung adenocarcinomas arise spontaneously owing to mutant K-ras alleles expressed inducibly, conditionally, or somatically [1, 2, 3, 4, 5] . Although an improvement, these models uniformly lack metastatic potential, a serious deficiency given that metastasis is the most common cause of death in NSCLC patients.
A p53 missense mutation, R175H, found in Li-Fraumeni syndrome patients and in a subset of NSCLC patients, is a structural mutation that exhibits loss of function owing to inactivation of p53 transcriptional activity [6, 7, 8] . Mutation of the corresponding arginine (R172H) in murine p53 has been previously introduced into the mouse as a knock-in allele. To evaluate the importance of p53 R172H as a contributing event in lung tumorigenesis, p53 R172HDG mice were previously mated with Kras LA1 mice, which develop lung adenocarcinomas owing to somatic activation of a latent Kras G12D allele, but rarely metastasize [4] . Mice were generated that were heterozygous for Kras LA1 alone, p53 R172HDG alone, or both alleles [9] . In the absence of mutant K-ras, lung adenocarcinomas were rare (13% of p53 R172HDG/+ mice). Although the presence or absence of the mutant p53 allele did not affect the frequency of lung adenocarcinomas in Kras LA1 mice (62.5% versus 70.8%, respectively), metastases were much more frequent in those with p53 mutations than in those without (36.5% versus 4.5%). In the Kras LA1/+ ; p53 R172HDG/+ mice, metastases were found at sites frequently observed in NSCLC patients, including the mediastinal lymph nodes, heart, parietal pleura, diaphragm, liver, adrenal gland, kidney, mesentery, pancreas, and subcutaneous tissues. The Figure 1 . A gene expression signature of spontaneous metastasis in a K-ras/p53 mutant mouse model. (A) Gene expression profiles of tumor metastases were compared to the corresponding primary tumor to define the metastasis gene signature (P,0.01, paired t-test). Each row of the expression matrix represents a gene and each column represents a profiled sample; relative gene expression (metastasis: primary) is represented using a yellow-blue color scale. Genes defined as cell cycle-related by either the Whitfield signature [16] or by Gene Ontology (GO) are indicated. (B) The expression patterns of the mouse model metastasis signature in a panel of human lung tumors from Bhattacharjee et al. [14] . Tumors showing ''activation'' of the metastasis signature (as measured by the ''met signature t-score'') tend to have high expression of the genes high in the mouse metastases and low expression of the genes low in the mouse metastases. (C) Kaplan-Meier analysis of the human lung tumors comparing the differences in risk between tumors showing activation (yellow line, t-score.0) and tumors showing deactivation (blue line, t-score,0) of the mouse model metastasis signature. Log rank test evaluates whether there are significant differences between the two arms. Univariate Cox test evaluates the association of the met signature t-score with patient outcome, treating the coefficient as a continuous variable. (D) Same as for part C, except that cell cycle-associated genes (as defined by either Whitfield et al or GO) were first removed from the mouse model metastasis signature prior to deriving the met signature t-score. doi:10.1371/journal.pone.0005401.g001 remaining wild-type p53 allele was deleted in approximately 50% of the murine tumors, which mimics the wild-type p53 allelic deletion observed in tumors from Li-Fraumeni patients. Collectively, these findings suggest that Kras LA1/+ ; p53 R172HDG/+ mice are a useful model for the study of metastasis in NSCLC patients.
In this study, we sought to better understand the biologic basis for metastasis in Kras LA1/+ ; p53 R172HDG/+ mice. Tumors from the lung and distant metastatic sites were transcriptionally profiled, from which we derived a metastasis signature defined as those genes that were differentially expressed in the metastases relative to paired primary lung tumors. Data mining of publicly-available expression profiles revealed this signature in a subset of primary tumors from NSCLC patients who had poor prognosis. We conclude that Kras LA1/+ ; p53 R172HDG/+ mice are a useful tool for the study of lung adenocarcinoma metastasis. 
Materials and Methods

Mouse studies
Tumor samples
Primary lung adenocarcinomas and metastases from p53 R172HDg/+ K-ras LA1/+ mice were isolated, carefully dissected to remove the adjacent tissue, snap-frozen in liquid nitrogen and stored at 280u until use [9] . Part of each dissected tumor was histologically evaluated by a board-certified pathologist.
Gene expression profiling
Total RNA from the p53 R172HDg/+ K-ras LA1/+ tumors was extracted by Trizol (Invitrogen) and purified with an RNeasy kit (Qiagen). RNA quality and quantity were evaluated on an Agilent Bioanalyzer following the manufacture's recommendations (Agilent Technologies). Synthesis of cRNA and hybridization to Mouse Expression Array 430A 2.0 chips were performed following Affymetrix protocols (Affymetrix, Inc.).
Microarray data analysis
After scanning and low-level quantification using Microarray Suite (Affymetrix), DNA Chip (dChip) analyzer [10] was used to estimate expression values, using the PM/MM difference model and invariant set normalization. Present call rates for the tumor profiles ranged from 51% to 63%, and none of the profiles were flagged by dChip as potential outliers. Two-sided t-tests using logtransformed data determined significant differences in mean gene mRNA levels between groups of paired samples. Fold changes between groups were estimated by taking the averages of the metastasis/primary log ratios. Expression values were visualized as color maps using the Java TreeView software [11] . Gene Ontology (GO) annotation terms were searched within gene sets using SigTerms [12] . Genes arising from the syngenic tumor dataset were clustered using the technique described in [13] . Expression profiles were deposited into the Gene Expression Omnibus data repository (GSE accession #14449) and are MIAME compliant.
In order to score each human lung tumor within a set for similarity to our gene signature of spontaneous metastases (Figure 1 ), we derived a ''t-score'' for each human tumor in relation to the mouse metastasis signature, similar to what we have done in previous analyses [13] . The t-score was defined as the Pearson's correlation between the mouse metastasis gene signature pattern (using ''1'' and ''21'', for up and down, respectively) and the human tumor's expression values (which is essentially a tstatistic comparing the average of the up genes with that of the down genes within each human tumor). The gene expression values in the human tumor datasets were first normalized to standard deviations from the mean before computing the t-score. The mapping of transcripts or genes between the mouse signature and the human tumor array datasets was made on the Entrez Gene identifier; where multiple human array probe sets referenced the same gene, the probe set with the highest variation represented the gene.
Results
Transcriptional profiling of spontaneous tumors from Kras LA1/+ ; p53 R172HDG/+ mice reveals a metastasis signature that is prognostic in NSCLC patients
We postulated that the biologic processes mediating metastasis in Kras LA1/+ ; p53 R172HDG/+ mice would recapitulate those in a subset of NSCLC patients. To test this, the transcriptome of tumors from Kras LA1/+ ; p53 R172HDG/+ mice were profiled, and the derived metastasis signature, which was defined as those genes that were differentially expressed in the metastases relative to paired primary lung tumors, was compared to previously published expression profiles from lung adenocarcinomas from several patient cohorts [14, 15] . Primary lung and matched metastastic tumor tissues from 4 mice were removed (Table 1) ; RNA was purified and subjected to Affymetrix gene expression profiling. Using each primary lung tumor (n = 4, 1 per mouse) as the reference for the corresponding metastases (n = 9, 1 to 3 per mouse), 2,209 genes were found to be differentially expressed (p value,0.01, paired t-test), 802 of which were increased and 1,407 were decreased ( Figure 1A ). Listed in Table 2 and Figure S1 are the most over-and under-expressed genes in the metastases and the entire set of 2,209 differentially expressed genes, respectively. We validated differential expression of genes involved in processes relevant to metastasis, including BUB-1, a regulator of genomic integrity and mitosis, VIM, a marker of epithelial-to-mesenchymal transition, and the adhesion molecule, CCAM1, by performing quantitative reverse transcriptase PCR analysis (Figure 2 ). Enrichment analysis (Fisher's exact test using Gene Ontology terms) of those genes with increased expression revealed highly significant enrichment in genes with the terms 'cell cycle' (45 genes, enrichment p = 1.4E-9), 'kinetochore' (8 genes, p = 1.5E-6), 'pericentric chromosome-binding' (10 genes, p = 3.4E-6), 'DNA replication' (17 genes, p = 6.0E-6), and 'DNA-binding' (103 genes, p = 0.0001), whereas analysis of the genes that were decreased revealed enrichment in genes with the terms 'membrane-binding' (391 genes, p = 9.8E-12), 'integral-to-membrane' (333 genes, p = 5.1E-9), 'lysosomal' (24 genes, p = 1.2E-5), and 'golgi appara- tus' (29 genes, p = 0.0001) (a complete list of the terms is in Figure  S2 ). A significant number of genes appeared to be related to cell cycle functions (Fig. 1A) , as defined by the Gene Ontology classification or using the signature from Whitfield et al. [16] . We next compared these results with a publicly-available database containing expression profiles of resected, early-stage NSCLC specimens from the dataset by Bhattacharjee et al. [14] , for which clinical outcome data was available. Focusing the analysis on those patients with lung adenocarcinomas (n = 73), we examined whether the murine metastasis signature is present in patients and whether its presence correlates with poor clinical outcome, which would be expected if the signature indicates the presence of tumor cells with the capacity to metastasize. Of the 1,407 genes with differential expression in the murine metastasis signature, 982 (70%) genes were represented in the human tumor expression profiles. Each human lung tumor was assigned a metastasis t-score, which gave a measure of how the human tumor recapitulated the patterns of over-and under-expression observed in the murine metastasis signature (Fig. 1B) . Using this approach, we found that the level of enrichment of the Bhattacharjee tumors for the murine metastasis signature was informative from a prognostic standpoint, whether or not the genes related to cell cycle were included (Fig. 1C and 1D ). Those patients with the signature (t-score.0) had a shorter median disease-free survival duration than did those without the signature (p,0.001, KaplanMeier analysis) (Fig. 1C) .
Using the same parameters and methodology, we examined the four human NSCLC datasets presented in the Director's Challenge study [15] and found that, for two of the cohorts (MSKCC and HLM) in the Director's Challenge study, those patients with tumors that had the metastasis signature (t-score.0) had a shorter progression-free survival than did those without the signature (p, = 0.03 for each, Kaplan-Meier analysis, Fig. 3A &  B) . This prognostic trend was apparent in the Dana-Farber Cancer Institute (CAN/DF) cohort, though not with statistical significance (p = 0.13, Fig. 3C ). The Michigan cohort, however, did not show any prognostic trend for the mouse metastasis signature (Fig. 3D) , though among the 395 genes that were increased in the murine metastasis signature and represented on the Michigan arrays, 141 genes correlated (p,0.01, t-test) with poorly-differentiated versus well-differentiated histology (enrichment p value,1.0610 215 ). An overall analysis of the four datasets combined did demonstrate significant prognostic ability in the human tumors by the murine metastasis signature (p = 0.01, . 3E ). Essentially the same results were obtained when the murine signature without the cell cycle genes was applied to the datasets ( Figure S3 ). On the basis of these findings, we conclude that the murine model recapitulated biologic features of the subset of NSCLC adenocarcinoma patients with poor clinical outcomes.
To compare the metastasis signatures in Kras LA1/+ ; p53 R172HDG/+ mice to genes that have been implicated in metastasis of human tumors, we examined whether the murine signature overlapped with gene expression profiles of human primary versus metastatic tumor specimens [17, 18] , which revealed a significant degree of overlap (P value,0.05, described in detail in Figure S4 ). Of the 738 genes that were increased (p,0.05), in the human metastasis relative to that of primary tumor, 49 were among the increased expression gene set in the murine signature (enrichment p = 0.001). 
Discussion
In this study, we sought to examine the fidelity of the metastatic process in Kras LA1/+ ; p53 R172HDG/+ mice to that of NSCLC patients by performing transcriptional profiling studies. We identified a metastasis expression signature in Kras LA1/+ ; p53 R172HDG/+ mice that was present in primary tumors from NSCLC patients who had poor prognosis. Based upon the ability of the murine metastasis signature to discriminate patient outcome, we conclude that the murine tumors recapitulated features of human lung adenocarcinoma. We do not mean to imply that this signature is clinically useful in a prognostic or predictive fashion, but simply interpret it as evidence of the potential usefulness and relevance of the model for studying the biology of human lung adenocarcinoma metastasis.
We examined whether the murine metastasis signature overlapped with genes identified from five NSCLC patient cohorts reported in two studies [14, 15] and found overlap in a subset of patients. The presence of the murine signature correlated with poor clinical outcome in only three of the five cohorts. We can only speculate about why the correlation with clinical outcome differed among the cohorts but suspect that it relates to tumor biologic differences. Tumor histology and disease stage are unlikely to be relevant variables because the distributions of these variables did not differ significantly between the cohorts examined, but patient demographic variables yet to be examined might prove relevant. The two NSCLC cohorts we used for data mining have reported both overall survival and disease progression-free survival [14, 15] . Although the murine metastasis signature identified patients with a poor clinical outcome with both clinical outcomes, trends were more significant with progression-free survival ( Figure S3) , implying that the genes in the murine signature impact biologic processes involved in disease recurrence but not other processes relevant to the survival of patients with recurrent disease, such as resistance to cancer treatments. Of note, the murine metastasis signature did not correlate with NSCLC K-ras mutational status, which was reported by Bhattacharjee et al. [14] .
The increased-expression gene set in the metastasis signature was enriched in cell cycle genes, but the prognostic power of the metastasis signature was not diminished by the removal of cell cycle genes, suggesting that the metastatic capacity of lung tumor cells in Kras LA1/+ ; p53 R172HDG/+ mice was not related simply to their proliferative potential and that other genes involved in biologic processes relevant to metastasis, such as tumor cell invasive potential, might have contributed. Of note, in that regard, were genes in the decreased-expression gene set that control cell polarity (Cldn3, Pard3, Pard6b, Dlgh1, and Crb3) and cell-cell attachments (Ccam1 and Cask2). Loss of polarity and cell-cell contacts are features of epithelial cells that have undergone epithelial-to-mesenchymal transition (EMT), a phenotypic change associated with enhanced invasive and metastatic properties in tumor cells [19] . Other genes typically expressed in mesenchymal cells, including Vim and Cdh2, were more highly expressed in the metastases than in the primary lung tumors that arose in K-ras LA/+ p53
R172HDg/+ mice. Whether these changes reflect a phenotypic change that contributed to the metastatic capacity of these cells is currently under investigation and will be reported on separately.
We conclude that Kras LA1/+ ; p53 R172HDG mice will provide a useful platform to better understand the basic biologic processes that underlie metastasis, to identify biologic targets for the prevention and treatment of metastasis, and to test the efficacy of novel agents directed against those targets in preclinical studies. Such studies could have a tremendous impact on global health given that NSCLC is the most common cause of cancer-related death in Western countries, and metastasis is the most common cause of death in NSCLC patients. 
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